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Supplementary Fig. 1. Schematic illustration of compound identification procedures.

(a) Workflow combining targeted and untargeted annotation procedures; License-wise, the symbols of
lightbulb and target/arrow were purchased from Iconfinder.com (transaction No. 0003685707, 0003685712),
symbols of library and database were drawn by the first author of this article using Adobe Illustrator 2021,
while the logos of MS-DIAL and MS-FINDER were distributed by CC-BY-SA 4.0 license and could be used
for publication purposes; (b) in silico prediction of chemical formula and structure were based on chemical
bond energies, hydrogen-rearrangement rules, and heuristic rules, as detailed in MS-FINDER!; (¢) a
streamlined scoring strategy for steps of (b); (d) strategies and procedures for post-curation of in silico

annotations in this work.
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Supplementary Fig. 2. Box and Whisker plots of select serum indoles and neurotransmitters.

(a) indoles comparing CONV-R (N=12) and GF mice (N=12), with the box ranging from the first quartile to

the third while the whiskers going from each quartile to the minimum or maximum, *p<0.05, **p<0.01,

*H%p<0.001, ****p<0.0001, two-sided Welch’s -test; exact p-values and adjusted p-values are provided in

Supplementary Table 3; (b) serotonin levels examined in a gender-specific manner with the box ranging

from the first quartile to the third while the whiskers going from each quartile to the minimum or maximum

(N=6 for each group), ns: p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, multigroup pairwise

Wilcoxon rank-sum test; (¢) neurotransmitters and neuromodulatory molecules comparing CONV-R (N=12)

and GF mice (N=12), with the box ranging from the first quartile to the third while the whiskers going from

each quartile to the minimum or maximum, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-sided

Welch’s t-test; exact p-values and adjusted p-values are provided in Supplementary Table 3.
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The Methionine/Glutathione Transsulfuration Pathway

1.62-fold
t 5'-deoxy-5'-methylthioadenosine (MTA)

1.47-fold [
Methionine ———— S-Adenosylmethionine (SAM)

6.10-fold
t Adenosine

1.30-fold
Homocysteine ;t S-Adenosylhomocysteine (SAH)

Serine ~
Cystathionine
a-Ketobutyrate < tw/ microbiota
CONV-R > GF
Cysteine
Glutamine ~

y-Glutamyl cysteine

Glycine ~

15.1-fold
4 Glutathione (GSH)

Supplementary Fig. 3. Schematic illustration of altered methionine/glutathione transsulfuration

pathway in cerebral cortical brain comparing GF and CONV-R mice?.
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female female

female female
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Supplementary Fig. 4. Distribution of ion features of GF/CONV-R difference (focal variable
considering gender (male/female, moderator variable) as determined by two-way ANOVA (adjusted
p<0.05) and post hoc Tukey’s HSD test (adjusted p<0.05).

(a-f) Venn diagram illustrating ion features of each matrix-HESI combination that had significant main
effects of microbiota (two-way ANOVA, adjusted p<0.05) while exhibiting significant GF/CONV-R
difference either in male or female or both (Tukey’s HSD test, adjusted p<0.05): (a) feces, HESI+; (b) feces,
HESI-; (c) serum, HESI+; (d) serum, HESI-; (e) cerebral cortical brain tissues, HESI+; (f) cerebral cortical
brain tissues, HESI-.
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Supplementary Fig. 5. Distribution of ion features of male/female difference (focal variable)
considering microbiota (GF/CONV-R) as the moderator variable as determined by two-way ANOVA
(adjusted p<0.05) and post hoc Tukey’s HSD test (adjusted p<0.05).

(a-f) Venn diagram illustrating ion features of each matrix-HESI combination that had significant main
effects of gender (two-way ANOVA, adjusted p<0.05) while exhibiting significant male/female difference
either in GF, CONV-R, or both (Tukey’s HSD test, adjusted p<0.05): (a) feces, ESI+; (b) feces, ESI-; (¢)
serum, ESI+; (d) serum, ESI-; (e) cerebral cortical brain tissues, ESI+; (f) cerebral cortical brain tissues, ESI-.
(g-i) Pie charts illustrating the distribution of ion features (combining both HESI modes for each sample
matrix) that had main effects of gender (adjusted p<0.05) while exhibiting significant male/female difference

either in GF, CONV-R, or both based on post hoc Tukey’s HSD test (adjusted p-value<0.05).

Supplementary Information - Page 7



a) Fecal metabolites: male (n=67)
L-Arginine

N6-Formyl-lysine

(FLys) Benzoyl glucuronide

Proline betai Dihydrocytechalasin B
roline betaine L=Pfoline y-lactone (Benzoate)
S=(Hydroxymethyl)glutathione
(55)-5-(Carboxymethyl)-L-proline Pyroglutamine 4-Hydroxyphenylacetylglutamine 2-Hydroxy-3,4,5-trimethoxybenzoate
Glutamyllysine Norepinephrine
N-Acetyl inat Glycyl=Lysine
e P e Acety) L Yy ' 4'diligdroxyphenyl)-val
-Acetyl-L-glutamate ThreoninyiMethionine L-Thyronine ~Hydroxy-(3',4'-dihydroxyphenyl)-valerate

5-semialdehyde

Na-Acetyl-lysine Isoleucyl-Asparagine Dopamine 4-sulfate 2-Pyrocatechuate
Valyl=Valine
N-Acetyl-serine
Azélate . o-Linolenate
2,3-Pentanedione Indole-3-cafboxaldehyde
Suberate 12,13-EpOME
. 20-Carboxy-leukotriene
Sebacate' - Adipate 4-(2-Aminophenyl)£2,4-dioxobutanoate

3-Hydroxysuberate Glycyl-Tiptophan 9,10,13=TriHOME
2-(4'-Methylthio)butylmalate - Ppimelate Kyniifenate

Glutarate alpha-Ribazole 2,3-Dinor-8-epi-prostaglandin

1,11-Undecanedicarboxylate Flo

5,6-Dihydroxyindele-2-carboxylate

(DHICA) Prostaglandin F2x
Glycolate Xanthurenate 2-glyceryl ester
Galactitol Thymine
L-(+)4Lactate o PGH2-EA
Taurogholate anthine _ o
(S)-3,4-Dihydroxybutyrate 3-sulfate L-Cystathionine
Histamine
3a,7x-Dihydroxycoprostanate
Chorismate PGD2 ethanolamide
5B-Cyprinol sulfate Homomethionine
4-Amino-4-déoxychorismate 11-Dehydrocorticosterone
b) Fecal metabolites: female (n=60)
3"-Deamino-3"-0xonicotianamine
2-Isoprapylmalate  2,3-Bufadione Dihydréthymine
2-Mercaptoglutarate 6-Nonenoylglycine Urothion

N-Acetylhistidine
N-(2-Methylbutyryl)glycine

Citrate . .
Asparaginyl-Valine Biopterin 2'-Deoxyadenosine
N2-Succinyl-L-glutamate 5'-monophosphate
D-(+)-Gafcturonate Proclavaminate 5-semialdehyde Uridine (dAMP)
Isoleucyl=Isoleucine . .
Gluco8amine y-L-Glutamyl=L-pipecolate y N(2)-Carboxyethyl<2'-deoxyguanosine
Vitamin D2 B-Pseudduridi
_ ; -Pseudouridine
3-glucuronide y-Glutamylleucine
- i 3-Methylxanthine ini
L-Glutamine Thymidine Y Hydroxycotinine
5-Androstenediol Val-Rro-Pro 5'-monophosphate
1-Pyrroline-5=carboxylate (TMP) L-Tryptophan
Threoninyl-Phenylalanine Adenine
3-Methyl-3-phenylazetidine Indole-3-carboxylate-O-sulfate
Phenylacetyl 9-Pentadecenoate e
L-glutamine Bilirubin

- . Indolylacryloylglycine
Isoleucyl=Tyrosine 9,10-Dihydroxy-13-hydréperoxy-11-octadecenoate

4-Aminahippurate
N-Lactoyl=Tyrosine 12-Hydroxyheptadecanoate

Tetranor 12-HETE

Coutarate

Tirdfiban
2,3-Dihydro-2,3-dihydroxybenzoate

Supplementary Fig. 6. MetaMapp network view of sex-specific metabolites in feces comparing GF and
CONYV-R mice as determined by two-way ANOVA (adjusted p<0.05) and post hoc Tukey’s HSD test
(adjusted p<0.05).
(a) fecal metabolites altered in male but not female; (b) fecal metabolites altered in female but not male.
Node colors: blue (CONV-R>GF); red (CONV-R<GF). Edges: blue dotted lines indicate chemical structural
similarity (Tanimoto coefficient>0.7), while orange solid lines indicate biochemical relevance (KEGG

reactant pair).
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Supplementary Fig. 7. MetaMapp network view of sex-specific metabolites in blood sera comparing
GF and CONV-R mice as determined by two-way ANOVA (adjusted p<0.05) and post hoc Tukey’s
HSD test (adjusted p<0.05).

(a) serum metabolites altered in male but not female; (b) serum metabolites altered in female but not male.
For node colors, blue means CONV-R>GF, red means CONV-R<GF; for edges, blue dotted lines indicate
chemical structural similarity (Tanimoto coefficient>0.7), and orange solid lines indicate biochemical

relevance (KEGG reactant pair).
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a) Brain metabolites: male (n=13)

D-Erythrose<4-phosphate

N-a-Acetyl=L-arginine Befaine
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L-Glutathione
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b) Brain metabolites: female (n=12)
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Supplementary Fig. 8. MetaMapp network view of sex-specific metabolites in cerebral cortical brain
tissues comparing GF and CONV-R mice as determined by two-way ANOVA (adjusted p<0.05) and
post hoc Tukey’s HSD test (adjusted p<0.05).

(a) brain metabolites altered in male but not female; (b) brain metabolites altered in female but not male. For
node colors, blue means CONV-R>GF, red means CONV-R<GF; for edges, blue dotted lines indicate
chemical structural similarity (Tanimoto coefficient>0.7), and orange solid lines indicate biochemical

relevance (KEGG reactant pair).
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Supplementary Fig. 9. Metabolite set enrichment analysis (MSEA) of gender-specific metabolites for

different sample matrices based on 99 a priori defined sets of metabolites (adjusted p-value<0.05).

(a) male, fecal; (b) female, fecal; (¢) male, sera; (d) female, sera; (e) male, cerebral cortical brain tissues; (f)

female, cerebral cortical brain tissues.
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Additional information

Settings of MS-FINDER 3.3 (running with Windows 10 OS)

for in silico compound annotation of ion features with an acquired tandem mass spectrum

Module
Method

Mass spectrum

Formula finder

Structure finder
Data source

Parameter item / options
Spectral database search
... by in silico fragmentor
Spectral database option

Use internal experimental library
Use in silico spectra of LipidBlast

User-defined DB
Precursor oriented option
Mass tolerance type

Mass tolerance (MS1)
Mass tolerance (MS2)
Relative abundance cutoff
Mass range

LEWIS and SENIOR check
Isotopic ratio tolerance
Element ratio check
Element selection

In silico MS/MS, tree depth
Local databases

MINEs setting
PubChem Online setting

Value
yes
yes

MassBank, GNPS, ReSpect
Solvent type: HCOONH4

NULL

“Precursor oriented spectral search”
“‘ppm”

10

10

1%

40-1000

yes

5%

Common range (99.7%) covering
O,N,P,S

2

HMDB (Human), Urine (Human), Saliva

(Human), Feces (Human), Serum
(Human), CSF (Human), SPMDB

(Human), LipidMAPS (Lipids), ECMDB

(E. coli), PubChem (Biomolecules)
Never use it.
Never use it.
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Additional information

Random Forest Classification for Generating Variable Importance Plots (for Fig. 3a, 6a & 7a):
Hyperparameters, OOB estimate error rate, and confusion matrices

using R packages randomForest (ver. 4.16.4) and rfPermute (ver. 2.2)

library("randomForest", "rfPermute")
set.seed(2020)
rfPermute(as.factor(Group) ~ ., data = vip_fecCID, importance = TRUE, nrep = 1000)
Call:
randomForest(formula = as.factor(Group) ~ ., data = vip_fecCID, importance = TRUE)
Type of random forest: classification
Number of trees: 500
No. of variables tried at each split: 23
OOB estimate of error rate: 0%
Confusion matrix:
CONV-R  GF class.error
CONV-R 12 0 0
GF 0 12 0

library("randomForest", "rfPermute")
set.seed(2020)
rfPermute(as.factor(Group) ~ ., data = vip_serCID, importance = TRUE, nrep = 1000)
Call:
randomForest(formula = as.factor(Group) ~ ., data = vip_serCID, importance = TRUE)
Type of random forest: classification
Number of trees: 500
No. of variables tried at each split: 15
OOB estimate of error rate: 0%
Confusion matrix:
CONV-R  GF class.error
CONV-R 12 0 0
GF 0 12 0

library("randomForest", "rfPermute")
set.seed(2020)
rfPermute(as.factor(Group) ~ ., data = vip_brnCID, importance = TRUE, nrep = 1000)
Call:
randomForest(formula = as.factor(Group) ~ ., data = vip_brnCID, importance = TRUE)
Type of random forest: classification
Number of trees: 500
No. of variables tried at each split: 7
OOB estimate of error rate: 0%
Confusion matrix:
CONV-R  GF class.error
CONV-R 12 0 0
GF 0 12 0

Feces (533 metabolites)

Serum (231 metabolites)

Brain (58 metabolites)

Random Forests typically do not overfit. But hyperparameter knobs may need fine tuning to best avoid
overfitting dealing with noisy data. In this work, (1) nodesize. the minimum size for terminal nodes (leaves
in the tree) was set as the default value of 1 (for classification); (2) maxnodes. the maximum number of
nodes in each decision tree was set as default with no limit specified, the largest tree was to be fit subject to
the constraints of nodesize. *
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